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Attorney Docket No.: 014940-002410US 

FAULT DETECTION AND ISOLATION IN AN OPTICAL NETWORK 

CROSS-REFERENCES TO RELATED APPLICATIONS 
[OIJ This is a continuation-ui-part qjpUcation of U.S. patent application 
serial no. 09/648,672. August 23, 2000, entitled 'Tault Detection and Isolation in an Optical 
NetwoTk" by Kevin Hester et al., which claims the benefit of priority under 35 US.C, § 1 19 
from U.S. provisional patent application serial no. 60/152,138, 'Tault Detection And 
Isolation In An Optical Network," by Kevin Hester et al.. filed on August 24. 1999, the 
disclosures of which are hereby incorporated by reference in their entirety for all purposes. 



BACKGROUND OF THE INVENTION 
[02] The present invention relates generally to fault detection and fault 
isolation in an optical network. More specifically, the present invention relates to a method 
and system for providing feult detection and isolation in an optical network having amplifier 
15 nodes. 

(031 Optical data networks typically include a plurality of nodes linked by 
optical fibers into a network. The network may be one of several common topologies, sack 
as a linear chain network, an optical star network, or an optical ring network. Optical 
networks are also classified by tiie geographic size of tiie networic. with wide area networks 
20 (WANs) and metiopoUtan ai«a networks (MANs) being of increasing interest for providing 
hi^ bandwidth network data links to and fiom corporations and LAN cair^uses, for 
example. 

[04] A popular optical network topology for MANs is an optical ring. As 
shown in FIG. 1. an optical ring network 100 typically comprises a sequence of network 

25 nodes 105, at least one primary optical fiber paih 110, commonly known as 'Vorking fiber" 
coupling data between the nodes. Optical networks transport large flows of information such 
that system outages of even a few seconds can cause the loss of huge quantities of 
infonnation. This is especially true for wavelength division multiplacing (WDM) and dense 
wavelength division multiplexing (DWDM) optical networks, which simultaneously transmit 

30 data in a pluratity of optical lAanncls, with each channel conq»rising a different 

wavelengdL 
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(05) The leliability of an optical netwoik is an impottant design 
consideration. Optical networks can faU due to several different mechanisms. Linefeihireis 
commonly defined as a feult in the abiUty of light to be transmitted between nodes along a 
working fiber, i.e., there is no Ught coupled into the node because of damage to the optical 

5 fiber. Additionally, a Une failure can occur at or near the interface of (he fiber and a node. 
For example, the optical fiber may not be properly inserted into the node. Additionally, a 
feiluie of an optical interface element may be optically equivalent to a line fault if it results in 
a total loss of signal at all channel wavelengths to all downstream components. For example, 
a fault in tiic optical interface element receiving signals ftom the fiber that results in a 

10 complete loss of signal to all subsequent optical elements within the node is equivalent in 

effect to a fault in the fiber. An electiical equipment failure is commonly defined as a failure 
in one or more electrical or electro-optic modules in the node. These include optical 
amplifiers, multiplexots/demultiplexois, transponders, and other elements used to anqilify. 
frequency shift, or to add or drop mdividual channels or bands. An electrical equipment 

15 feUure may result in a loss in all channels, but may more commonly result in only a limited 
number of channels bong dropped. 

(06) Optical networks typically employ several different apptOAcbss to 
pemiit network service to be rapidly restored in the event of a fimlt Referring again to FIG. 
I. optical ling networks typically include at least one protection fiber 115 between each node 

20 IDS. The protection fiber 1 15 provides an alternate path for optical data in case the primary 
optical fiber 1 10 becomes broken or damaged along a portion of its length. Additionally, the 
protection fiber facilitates the routing of date to bypass a defective node 105 via a patii in the 
protection fiber. In the case of a unidirectional path-switched ring (UPSR) the working fiber 
and the protection fibw commonly cany information in opposite directions. e.g.. data is 

25 commonly transmitted in the workmg fiber in a clockwise direction and in the protection 

fiber in die counter-clockwise direction. Bi-dhccfional path switched rings (BPSR) permit 
tiaffic along flie ring to be carried in both directions via two or more working fibeis and two 

or more protection fibers. 

[071 FIG- 2 is an illustrative diagram of a UPSR ring 200 operating with 
30 working and protection fiberpath links intact For die purposes of illustration, an optical data 
path is shown between die tributary interfiles of two nodes, HEl and NE2. Asshownin 
FIG. 3, in die event of a fiber break the working traffic is switched to the protection fiber in 
order to maintain the data link betwreen the tributary interfaces of nodes NEl and NE2. This 
is performed using optical line switchmg elemente (not shown in FIGS. 2 and 3) within a 



node in order to optically switch the path of the optical signals. Note ^ a complete failure 
of one or more electrical elements within node NEl or NE2 could also break the flow of data. 
Consequently, nodes NEl and NE2 typically include redundant electrical and electrowiptic 
elements that can be switched into us e in the event that one or more electrical elements in the 
node fails. This is commonly known as equipment switching. 

[08] As shown in nO. 1, a network management system (NMS) 120 is 
typicaUy used to regulate the action of the nodes 105 in the event of a line failure or an 
eqmpment failure in order to restore network service. TheNMS 120 typically comprises a 
central workstation computer receiving electrical signals corresponding to the optical stienglh 
ofeveryoptical channel transmitted thiougheachactivelineofeachnode. IhcNMS 120is 

typically programmed with a list of rules or procedures for handling different types of 
fidlmes. Multi-chamxel optical-to-electrical-to^tical (OEO) detectors (not shown in FIGS. 
1-3) in each node can be used to measure the signal strength of each channel entering or 
leaving the node. This permits the NMS 120 to determine if a channel has been dropped. If 
the NMS 120 determines thataehamiel has been dropped inaparticular node, the NMS may 
instruct the node to perform an equipment switch of a component in the path of the dropped 
dannel likely to have failed. The NMS 120 monitors the activity of all of the nodes, 
detennines if a change in traffic occurs, makes a decision whether a line fault or equipment 
fimh has occurred, isolates the fault to a particular node or fiber path, and issues appropriate 
commands to all of the nodes to perform bne or mote equipment switches or line switches to 

restore network traffic. 

[09] WhUe the network management system shown in FIG. I improves the 
xeliabitity of network 100, the inventois of the present appUcaJion have recognized that it has 
several substantial drawbacks, particularly in regards to high pcrfonnance metropolitan area 
networks. First.itcantakeasignificanllcnglhoftimfiforacenlialcornputerof aNMS 120 

to determine an appropriate course of action due to fh« cumulative time delays of the system. 
Ttere are finite response times for each OEO to measure the signal strengths of each optical 
channeltodetermineifacbannelisdropped. There is also a significant propagation time for 
channel status signals to reach the central computer of NMS 120. This propagation time 
includes the time detay for short-haul Ethernet cables coupled to the node along with the time 
. deUysofthe long-haul data link (e.g.. a tdephone line) to the central computer, which W 
be located several kilometereaws^fiom an individual node in networiclOO. Thercisalsoa 
time period required for the central computer to assess the state of each node and to make a 
decision. Still yet another time period is associated wilhfl« time dday required to tran^ 
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control signals ftom the central computer of NMS 120 back to each node via Ethernet and 
long-haul connections. There is also a time delay associated with the circuitry at the node 
that is used to implement a line switch or an equipment switch. In a conventional MAN 
system 100 the total elapsed time between the detection of a failure and a line switch or 
5 equipment switch being implemented can exceed 0. 1 seconds. One industry standard ttiat has 
evolved is that a communication disruption lasting more than SO milliseconds constitutes a 
network outage, i.e., tributary networks receiving and transmitting data via network 100 are 
designed upon the assumption that optical network 100 has outages of less titan 50 
milliseconds. Network outages in excess of 0.1 seconds may therefore cause an irreparable 
10 loss of data to a tributary network. 

[10] Another drawback of network 100 is that the NMS 120 can be 
comparatively expensive to implemCTt, The central computer is often implemented as a high 
performance work station, which is comparatively expensive. Another substantial cost is 
associated with the OEO modules used to measure chaimel strength in each node 105. OEO 
15 modules increase with cost as a fimction of the number of optical chaimels that they are 

capable of analyzing. Additionally, the cost of each OEO module tends to increase with the 
data capacity of each channel since faster optical and electrical components are required far 
high data rate chaimels. AdvancesinDWDM technology now permit thirty or more high 
data-rate channels to be impl^ented in an OEO iriodule. This results in a corresponding 
20 increase in the cost of the OEO modules compared with first generation WDM designs 
having three to five moderate data-rate channels. 

[11] Another drawback of network 100 is that it may provide insufficimt 
information to isolate electrical equipment feilures for lata* r^air. The increase in the 
number of channels in DWDM systems has led to multistage node designs having several 
25 stages. The stages commonly include varioiis combinations of band pass filters, channel 

filters, wavelength shifters^ optical amplifiers, multiplexors, and demultiplexois. Bach stage, 
in tum, may host one channel, several channels, most of the channels, all of the channels, or 
fiwjuency shifted versions of the channels, depending upon the fimction of the stage. A 
single OEO module is typically insufficient to determine the element within a node that has 
30 dropped a channel. Consequently, several OEO modules may be required for feult isolation, 
fiirtiber increasing the cost of the system. 

(12] Furthennorc, an optical fiber span between two nodes in network 1 00 
is often too long to allow optical signals to be received within an acceptable level of 
confidence. Qenccany. the length ofthe optical fiber span is diiecUy proportion 
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degradation. Le.. the greater the length of fee optical fiber span, the more seripus the signal 
degradation becomes . Consequently, one or more amplifier nodes may be added along an 
optical fiber span to ampUfy the optical signals to improve signal reception. Tlie primary 
function of the amplifier nodes is simply to amplify the optical signak propagating along the 
5 optical fiber span. The use of amplifier nodes, thus, allows the length of an optical fiber span 
tobeextended. Extending the length of an optical fiber span, however, causes at least one 
drawback. Since the length of the optical fiber span is increased, the time it takes for an 
optical signal to travel from one node to another is also increased. As a result, when a line 
finilt involving an ampUfier node occurs, the protection switch time needed to restore line 
10 traffic is increased. TTiis increase in protection switch time may prevent a network fiom 
achieving the desired sub-SOms protection for line traffic, thereby causing more network 
outages to occur. 

113] Therefore, it would be desirable to provide an improved system and 
method for performing fault detection, isolation, and network restoration in an optical 
IS network having amplifier nodes. 

SUMMARY OF THE INVENTION 
[14] The present invention generally comprises a fault detection and 
isolation system and method for opticil networks. One aspect of the present invention is that 
20 a local eonlioUer in each node makes decisions on whether to activate fiiult restoration 
elements wilhm the node, eliminating the need for a central computer to coottKnatis the 
actions of each node in response to a &ult 

[151 Generally speaking, an embodiment of an optical node of the present 
invention generally comprises at least one fault restoration element for restoring network 
25 traffic in response to a fault; at least one optical sensor coupled to the node for measuring a 
first set of optical characteristics of the optical channels coupled to tiie node; a signal sensor 
for receiving data fiom anotiier device corresponding to a second set of optical characteristics 
of tiie optical channels; and a controller for adjusting die operation of said at least one 
restoration element as a function of said first and said second set of optical characteristics, 
30 whereby said controller determines anetwork fault requiring local action and directs said at 
least one restoration element to perfoU a restoration instance. In preferred embodiments the 
fiiultiestorationelementinay indudealineswitcher. a redundant electrical or electi<Hoptic 
ekment. or a combination of a line switcher and redundant electrical or electroK,ptic element, 
m one embodiment the controller is a micwpiocessor having a software program residing on 
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die microprocessor that includes a pioblem list for conelatiiig Ihe occurrence of potential 
faults fiom the first and second set of optical characteristics. In a prefeired embodiment the 
signal sensor is a transceiver for communicating channel status messages with a neighboring 

node via an optical channel. 
5 [16] Broadly speaking, the presenrinvention also includes methods of fault 

detection and isolation. One embodiment is for an optical netwoik having a plurality of 
optical nodes, each node including at least one local optical sensor for measuring optical 
characteristics of the datastream at the local node, at least one transceiver for communicating 
data to each neighboring node that it is coupled to via a ftoer optic link, and each node having 

10 a local controUer for controlling at least one local restoration element, the method comprising 
the steps of sensing a set of optical characteristics of the datastream at each node; updating a 
channel map of active channels at each node of the optical network; and communicating the 
updated channel map to the nodes via the fiber optic link; wherein each local controUer 
compares the optical characteristics measured at the local node to the channel in^ to 

15 determine if a fault has occurred requiring that the local controller activate a restoration 
element 

[17] The method of the present invention may be practiced with nodes 
having feult restoration elements that include line switchers, redundant electrical or electro- 
optic elements, and combinations thereof. In one ^bodiment the method of fault detection 

20 and isolation is for a node of an optical network having a datastream with a plurality of 
optical channels, the network inchiding a pluraUly of nodes coupled to each nei^boring 
node, each node having at least one local optical sensor, each node having at least one optical 
transcdIvCT for communicating status li^rts to each neighboring node that it is optically 
coupled to, and each node having a local controller for controlling a local line switcher 

25 residing in the node, the method comprising the steps of: sensing a loss in signal fiom a 

neighboring node via Uie local optical sensor, monitoring die transceiver to determine if the 
neighboring node is communicating status reports to the node; and initiating a line switch to 
tedizect traffic to an alternate optical path to restore data traffic if there is a loss in signal ftom 
tiic neighboring node and status reports are not being recdving from the neighboring node. In 
30 another embodiment the method of feult detection and isolation is for anode of an optical 
networic living an optical datasueamwithaplurality of channels, the network including a 
plurality of nodes optically coupled to each neighboring node, each node having at least one 
local optical sensor, at least one transceiver for communicating data to each neighboring node 
that it is coupled to. and a local contioUer for contiolling redundant elements residing in the 
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node, the mefliod comprising the steps of: sensing a first set of optical characteristics of the 
optical channels traversing the node; nsceiving states reports that include a second set of 
optical characteristics of the optical channels measured by at least one sensor in another node 
of the network; comparing the first and second set of optical characteristics; determining if 
5 one or more optical channels are being dropped in the node; and initiating an equipment 
switch in tiie local node to restore the dropped traffic. 

(18] According to anoth^ exemplary embodiment of the present invention, 
one or more amplifier nodes are coupled between two switching nodes. Each amplifier node 
is capsile of detecting a fault condition, such as a loss-of-signal (LOS) condition, on an 
10 incoming line. Upon detecting the LOS condition, the ampUfier node generates a fault report 
which is then forwarded to a switching node. The switching node uses information fiom the 
&ult report to initiate switching actions, if any, to restore traffic. According to another 
OEen^laiy embodiment of the present invjaition, each amplifiCT node is configured to receive 
a feult report received fiom another amplifier node and forward such fault report to a 
15 switching node- Based on the locally detected fimilt conditions and Ihe fault reports received 
from neighbor ampUfier nodes (if any), each amplifier node selects the highest priority fault 

and sends it to the downstream switching node. 

(191 Refwence to the remaining portions of the specification, including the 

drawings and claims, will realize other features and advantages of the present invention. 
20 Fuzthrar features and advantages of the present invention, as weU as tiie structure and 

operation of various onbodiments of the present invention, are described in detail below with 
respect to acoompanying drawings* like reference numbers indicate identical or fimetionaUy 
similar elements. 

2s BRIEF DESCRIPTION OF TBE DRAWINGS 

(20] EIG. 1 is a block diagram of a prior ait optical network having a 
central network management system for detecting fiujlts and restoring networic traffic; 

(211 FIG- 2 is a block diagram of a prior art optical ring network having a 
central network management system controlling traffic between woridng fibera and 

30 protection fibers; 

(221 FIG. 3 is a prior art block diagram of the network of FIG. 2 shoMfing 
how flw central networiK inanagement system redirects traffic in response to a line fe^ 
[231 FIG. 4 is a block diagram of an embodiment of optical network in 

accordance witii the present invention; 
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[24] FIO« S is a block diagram of an embodimeat of an optical netwcnk in 
accordance with the present invention; 

[25] FIG. 6 is a block diagram showing a prefenred airangemeot of 
multiplexing/demultiplexing elements within the nodes of a wavelengdi division mnltiplexmg 
5 optical network in accordance with the present invention; 

[26] FIG. 7 is a functional block diagram showing a preferred node 
arrangement in accordance with the present invention; 

[27] FIG. 8 is a block diagram of a prefinred embodiment of the node of 

Fig. 7; 

IQ [28] FIG. 9 shows an embodiment having node components arranged on 

1-^ . field replaceable circuit packs communicatively coupled to processor and memory modules; 

: [29] FIGs, lOA and 1 0 B are portions of an exemplary decision table used 

^|«^ to detect and isolate faults in a ring network; 

jlJ! [30] FIG. 1 1 is a functional block diagram of a fault detection and isolation 

01= IS conlroUer system in accordance with the present invention; 

[31] FIG. 12 is an interaction diagram showing a preferred sequence of 

Si 

steps for initiating an equipment switch instance; 

[321 FIG. 13 is an interaction diagram showing a preferred sequence of 
IjIi steps for initiating a line switch instance; 

20 [33] FIG- 14 is a schematic diagram illustrating a bi-directional line 

switched ring (BLSR) network having both switching nodes and amplifier nodes; 

[34] FIG- 1 5 is a block diagiam showing an exemplary embodiment of an 
ainplifier node in accordance with ttie prescmt invention; 

[35] FIG. 16 is a schematic diagram illustrating a situation in which an 

25 incoming line fault is detected by an amplifier node; 

[36] FIG, 17 is a schematic diagram illustrating a situation in which an 
inr^fiming line fiuilt IS detected by a switching node; 

[371 FIG- 18 is a schematic diagram iUustrating a situation in which a line 

fault occurs between two amplifier nodes; 
30 [38] FIG. 19 is a schematic diagram illustrating a situation in which line 

&ults occur between two switching nodes; 

(391 FIG, 20 is a schematic diagram illustrating a situation in which two 
^fir^miiiE line faults occur between two switching nodes; 
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[401 FIG.21 isaschematicdiagramillustratingasituatioainw 
line faults occur in one direction between two switching nodes having two ampUfier nodes 

located therebetween; 

(411 PIG- 22 is a schematic diagram illustrating a situation in which two 
5 line fiiults in the same diiection aie prioritized by an amplifier node in accordance with the 
present inventioiu 

1421 FIG, 23 is a schematic diagram iUustrating a situation in which a 

switching node fails; 

[431 FIG. 24 is a schematic diagram iUustrating a situation in which an 

10 amphfin node fails; 

[44] FIG. 25 is a schematic diagram illustrating a situation in which a 

switching node is unable to receive any incoming traffic; and 

[45] FIG, 26 is a schematic diagram illustrating a situation in which a 
switching node is unable to transmit any outgoing traffic. 



DETAILED DESCRlFnON OF THE INVENTION 
[4ti] The figures depict a preferred embodiment of the present invention for 

purposes of iUustiation only. One of skiU in the ait will readily recognize fiom the foUowing 
discussion that alternative embodiments of the structtnes and methods disclosed herein may 
20 be employed without departing fiom the principles ofthe claimed invention. 

[47] FIG. 4 is a block diagram of a portion of an optical network 400 
illustrating some of flic general principles ofthe present invention. For the purposes of 
iUustiation many conventional elemeols used in optical netwoiks are omitted. It wiU also be 
understood that optical network 400 may be part of a larger chain, branched diain. medi. or 

25 ringnetwork. Aplurality of network optical nodes 405 arc shown coupled by fiber spans 

410. -niB fiber spans 410 may comprise one or more optical fiber Unes that include aU ofthe 
potential optical channel data links between neighboring nodes for communicating an optical 
dataslxeam. For ^ purposes of iUustration. Ifae optical paths in the fiber Unes are diownby 
arrows. aWiough it WiU be understood that the drawing is not to scale and that each an^ 

30 corresponds to at least one fiber coupled to corrBqxmding optical potts 460 at each n^ 

described below in more detail, in a prefeired embodiment node 405 has a plurafity of ports 
arranged to a fine switiAer that may be used to redirect the optical data stream to an alte^ 
ouQiutpottintheevenofaUnefault For example a fiber span 410 may comprise a woiidng 
fiber Une and a protection fiber line eadi coupled to a node by respective ports. Ina 
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prefened embodiment fbr wavelength division multiplexing, each fiber line comprises a 
single spatial-mode optical fiber capable of transmitting a pluraUty of optical wavelengttis. 

[48] Each node 405 includes its own local restoration elements 420 to 
restore networic service in the event of a feult fliat could disrupt network traffic. The 
S restoration elements 420 preferably include a line switcher responsive to a line switch 

conunand to r©-direct traffic away from a faulty line of a span 410 and onto an alternate line 
by selecting an alternate optical pathway between two ports of the node, i.e. changing the port 
from which the data stream taats the node sudx that ttie datastream is redirected onto an 
alternate line. The restoration elements also preferably include redundant electrical or 
10 electro-optic elements responsive to an equipment switch command to maintain network 
tnflic in ttie event of a failure of an electrical or electro-optic component. Examples of 
redundant electto-optic elements include but are not limited to: redundant band pass filters, 
iiedundant cbannel filtos. redundant multiplexors, redundant demultiplexers, redundant 
optical detectors, redundant optical amplifiers, or redundant transponders. It will be 
15 undeRtood that while fiiere is at least one feult restoration dement 420, various combinations 
of feult restorations elements may be included depending upon the particular applicatioiL 
Each node has its own local controller 430 that determines if a feult has occurred and tiiat 
regulates the actions of the restoration elements 420 witiiin the node. 

[49] An individual controller 430 may use several difl^ent sources of 
20 i^ftimiatimi to make a decision whedier to activate the restoration elemoHS 420 of its node. 
First, each node 405 inchides at least one internal optical sensor 418 fi>r measuring a first set 
of optical characteristics of the optical channels at the node. The first set of optical 
characteristics corresponds to infiumation on channel activity tiiat may be detemiined by Ihe 
optical sensors at the local node, such as information regarding a complete loss of signal 
25 (LOS) in a single channel, a band of channels, or all the channels, depending upon the 
resolution of the sensor and the number of channels fecdved by the sensor. The optical 
sensor 418 may be part of a pre-an^lification or post-amplification component of the node. 
Additionally, each node 405 may also include other internal elements, such as p-I-ii 
photodiodes. configured to provide information on the signal strength of individual channels 
30 or bands of channels. P-I-N photodiodes are a type of photodetector that has a Ughtty doped 
intrinsic semiconductor sandwiched between p-type and n-type semiconductors. However, 
optical sensore, such as p-I-n detectors, that are not otherwise required to perform a necessary 
node fhnction (e.g.. multiplexing or demultiplexing) increase the cost of networic 400 and 
introduce extra signal loss that must be compensated for with optical amplifiers. 
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Consequently, it is desirable to use optical sensors required for other fimctions to provide 
information on the characteristics of the optical channels. For example, some types of 
transponders include an inherent sensing capabiU^y that may be used to provide information 
on the characteristics of the optical channels (e.g.j the presence of optical power in a chaonel 
received by the transponder). The required resoliitionofan optical sensor 418 depends iqjon 
whether the sensor is coupled to a single channel, band of channels (e.g„ three channels), or 
to aU of the channels. Conventional p-I-n optical detectors conimonly have sufficient 
resolution to measure the loss of a single channel! from a band having a small number of 
channels (e.g., a band having three to five channels), but commonly lack sufficient resotalion 
to determine if a single channel has been dropped from a large number of channels, sudi as 
when thirty optical chaimels are coupled to ap-I-|n detector. 

ISO] Second, in a preferred roiliodiment each node receives information 
ftom at least one other element, such as an upstream element in a unidirectional path 
switched response (UPSR) optical ring. This information from the upstream element assists 
the node to determine if individual channels or b'ands of channels have been dropped (lost) 
prior to entering the node. In a preferred embodiment, each node receives status information 
from iqistream nodes from an optical supervisor^ channel (OSQ communicated by ihe 
optical span. This status information preferably -includes the information that at least one 
upsbream confroller has measured or otherwise collected regarding the status of the network 
channels. The status information may include ajsecond set of characteristics for the channels 
upstream of the node along with other network status information. The second set of optical 
characteristics may, for example, include information on channel activity measured at the 
i^stieam node. Additionally, the second set of optical characteristics may also include a 
channel map of channel activity of aplurality of nodes. For example, referring to FIG. 4, 
node 2 may record a set of characteristics for flie optical channels traversing node 2 using its 
own optical sMsors and transmit this infomiati<^ to node 1 via the OSC. Node 2 may, for 
example, communicate to node Ithat it is receiving optical signals (e.g., from node 3) or tiial 
some of its transpondeis or other optical detectors have experienced a loss of power in one or 
more channds or bands of channels. Additionally, node 2 may relay to node 1 messages that 
include network status information that is has received from other nodes. For example, the 
messages transmitted via the OSC channel ma^^ for example, include a channel map of active 
channels that is updated and forwarded at eaeh node as it is passed along to downstream 
nodes. Additionally.lheOSCchamiclmaybeusedby a node to transmit status and alert 
messages that are also forwarded to other nodei of the network. 
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(511 The OSC channel also pernuts the nodes to conimunicate messages on 
planned restoration events to each other, thereby permitting the nodes to coordinate their 
actions. Forexample.node2maysendasignalainouncingtoi.sneighbon,thatitisaboutto 
initiateanequipmentswitchthatwillcauseashorfdisruptionintrafficthiou "Hus 
infonnation will alert node 1 to not interpret a shott disruption in upstream traffic as a Ime 
feult. Additionally, the OSC cham^el permits the nodes to share information on ttie results of 
arestoration event. For example, if node 2 initiatls an equipment switch that is unsuccessful 
in restoring network traffic then node 2 can communicate this infom^on to the other nodes 
as a fidled restoration instance message. This may provide information to another that 
enables that node to determine if an equipment sWitch is necessary at that node. Thu. so- 
caUed --roUing equipment switch" inode of restoration is made possible by each node sharing 
dataonthercsultsofanequipmentswitchwithitsneighbors. Tlie OSC chamiel thus 
provides a means for the nodes to communicate a variety of status information, including 
charmel status and coordination information. | 
5 [521 In an alternate embodhneilt. an optical analyzer 440, such as an optical 

spectrum analyzer (OS A) may be used to measde information on the channel activity and 
eommnmcateittoanode405. This informatioi^may include information on the number of 
optical channels transmitted along the fiber to the optical analyzer. Additionally, other 
infinmalion may also be recorded, such as infiwmation on channel width (Hz) or other 
20 iDfi«mation indicative of a feilurc of a laser, amplifier, or electro-optic component in a 

network node. Ai shown in FIG. 4. the OS A 4^ may be electrically coupled via electrical 
connections 445 to a signal sensor 447 of a downstream node if the OSA is disposed a 
comparatively shortdistancefiomthenode. Hejwever. if flie OSA is located a substantial 
distance iqtstream of the node it may be desirable to cammunicatively couple the OSA to the 
25 downstream node using an optical data channel |of die fiber span. i.e. an optical sensor 41 8 is 
used to poform die functLcm of the signal sensor. 

[53] One advantage of opticallnetwork 400 is fliat each node 405 benefits 
fiom the optical diannd information of other devices, particu^^ 1^ 
mews that an individual node 405 requires comparatively fewer internal optical sensors (e.g.. 
30 P-I-N photodetectors) in order to have itae c^ability to detect and isolate an equipment fiiult 
Additionally, each individual node 405 receive? infi>rmation ftom its naghboring nodes that 
allows it to detemilne if a line feult has occorr^ between it and its iieiiJ* 
enabling the node to make a decision whether aUne switch is appropriate. 
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[S41 Another benefit of netwcnk 400 is that it elimiiiBtes the need for 
centralized control of network restoration. Node controller 430 may be implemented as a 
comparatively low cost control module. For example, node controller 430 may be a local 
computer, microcomputer, microprocessor, microcontroUer. or dedicated circuit configured to 
control the actions of the restoration elements within the node that it resides. In a preferred 
embodiment, node controller 430 is a comparatively inexpensive microprocessor 
programmed to act as a local computer that controls the actions of the restoration elements 

420 within the node that it resides. 

ISS) The use of a local controller 430 at each optical node 405 results in fast 
response times compared to a conventional centralized NMS system 100. There arc currently 
two important restoration time standards in the industry for a maximum acceptable 
interruption in network traffic. These restoration time standards correspond to a fifty 
millisecond standard and also a one hundred milUsecond standard developed by BELLCORE, 
f]! Estimates by the inventors indicate that a melropolitan area network having a ring topology 

J-; IS constructed in accord with the teachings ofthe present invention can restore line faults in a 

'''i time period less than either common industry standard, i.e., less than either one hundred 

-A. milliseconds or fifty milliseconds. This is in contrast to a conventional optical iietwork 1 00 

^= having a central NMS 120, which may require up to one second to restore traffic after a line 

fi: feilure in a metropoUtan area network. 

I J 20 [Sfi] FIG. 5 b block diagram of a generalized representation of two 

neighboring nodes ofan optical network 500 coupled by an optical span 510. As shown in 
FIG. 5, an optical signal sensor 520 (e.g., a P-I-N photodetector) is used to convert the OSC 
optical channel into an electrical signal G-e-, optical to electrical conversion of the OSC 
channel). The OSC channel is prefisnbly tapped off using an optical filter or demultiplexer 
25 disposed in a line card element. A microprocessor controUer 530 is preferably used to host a 
fault detection and isolation computer program at each node. The feult detection and 
isolation program correlates available information on optical channel characteristics in the 
node with status information received ftom neighboring nodes to detect changes in diannel 
activity indicative of a line fault or equipment fault in the node. The program preferably 
30 includes a decision table or algorithm to determine if a line switch or equiprnent switch is 
required. As shown in FIG. 5. a line switcher 525 is preferably included to redirect optical 
tiaffictotheportofanalteniateoptieallincinthecventofalinBfailure. Awavelength 
division multiplexing (WDM) optical network typically includes electro-optic elements 530 
such as multiplexors, demultiplexors, and optical filters. A set of redundant dectio-optical 
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elements 535, R, is preferably also included to permit an equipment switch. Each node may 
also include a transponder 540 to convert the channels into an optical fiequency or format 
appropriate for a tributary network coupled to the node. In some cases the transponder 
includes optical power level capabiUty, i.e., the frequency or format conversion performed by 

5 the transponder inherently involves determining that the channel is active. FIG. 6 is a block 
diagram illustrating a preferred arrangement of band filters, channel filters, and wavelength 
' conversion transponders for an optical ring network. For the purposes of illustration, the line 
switcher, controller, and redundant elements are not shown in FIG. 6. 

1571 FIG. 7 is a block diagram of a preferred node structure 700 for an 

10 optical ring network. The functional attributes of each block are also shown. It wiU be 

undentood that many variations on the structural and fonctional relationship of node 700 are 

encompassed by the present invoition. 

[58] As shown in FIG, 7, in a preferred node structure 700 a control section 
710 includes a configuration database, operational inter&ces, and software modules for inter- 

15 node communications via OSC channels. The common control section provides software 
administration and control of the node and preferably includes a PC compatible processor 
element module and persistent storage module. The processor element module preferably 
tuns an Embedded WINDOWS NT operating system. 

[59] The transport section 720 includes elCTients for line amplificatian. a 

20 line switohg, jcneasuring the OSC signal, and transmitting or t rnnin a ting (if desired) a line. 
The transport section 720 is configured to recave four ports corresponding to two West-line 
ports and two East-line ports, in accord wifli standard tenninology in UPSR and BLSR rings 
that a first span comprising a working fiber and a protection fiber are coupled via. two potts 
722, 724 to one side of transport section 720 whereas a second span including another 

25 working fiber and protection fiber are coupled via ports 726. 728 to the other side of transport 
section 720. The transport section temiinaJes the spans between nodes. It divides the 
received optical signal into working, protection, and un-switched band groups and provides 
protection switching in BLSR and UPSR systems. It preferably includes an optical amplifier 
such as an Erbium doped fiber amplifier to boost optical DWDM transmission levels- 

30 [60] The multiplex section 730 includes electro-optic elements for 

performing wavelength division multiplexing operations and has redundant elements for 
equipment protection. The multiplex section 730 is preferably implemented as a two-stage 
optical multiplexor that aggregates signals ftom the tributaiy section 740 into the line side 
DWDM fonnat and spUts received line-side signals into the individual channels used by the 
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tributary section. Th^ fiist multiplex stage combines the individual channels launched by the 
tributary transponder wavelength converter interfeces (WCIs) into three^annel wide bands. 
Each band is preferably fed into the aggregated linc-side signal by a band wavelength 
division multiplexor (BWDM) in the second stage. The BWDMs multiplex (add) and 
demultiplex (dtop) groups of three wavelengths for further subdivision by channel 
wavelength division multiplexors (CWDM)s. The CWDM modules multiplex a set of three 
outgoing wavelengths into a band and demultiplex the corresponding incoming band of 
wavelengths into three individual channels. CWDMs also switch traffic betweenthe primary 
BWDM CP backup BWDM modules in redundant appUcations. In a protection switching 
configuiation. a signal carried on a working band is restored by switching it to the equivalent 

protect band on the other fiber. 

[611 The tributary section 740 includes transponders (WCIs) for wavelength 
translation.lributarynctworkports745.andhasadd/dropsignalroutingcapability. The 

tributary section is the point of connection for cUent optical signals and it converts the line 
15 side DWDM frequencies into short reach signals, such as 850 nm and 1310 nm signals. Each 
WCI of the tributary section has two transmitter-receiver pairs: one for the cUent-side signals 
and the other facing the multiplex section and operating a specific DWDM frequency. 
Between fliese is an electrical cross-connect enable of routing signals between flie tributary 

and line side transceivers. 
20 [62] no. 8 shows a block diagram of a portion of preferred embodiment of 

aWDMnodeforopticalrings. Rsfisrring to both FIGS. 7 and 8, the transport section 
generally comprises line cards 805. optical pre-amps 810 and post amps 815, working protect 
spfitterCWPS)seciion820,ringswiichmoduleCRSM)825farperfi»nmngali^ Tb^ 
WPS section 820 preferably is configured to permit working and protect traffic to be 
25 demult^lexcd. During normal operation Ci-e-. all fiber lines fimctional) it is desirable to have 
the option to transmit data, such as lower priority data, on the protection fibers (i. e. . use both 
the working and protect fibers). WPS section 820 permits data on both working and 
protection lines to be demultiplexed during normal operation. Additionally, optical switches 
are also shown in tiie WPS section 820 for switching light via the RSM 825. The multiptex 
section generally comprises band wavelength division multiplexing (BWDM) sections 830 
and Aamiel wavelength multiplex division multiplexing (CWDM) sections 835. The 
transpondeiTi 840 pCPND). also known as wavclengfli converter interfiKses (WCIs). 
correspond to aportionoftiietributaiy sections. There are redundant BWDM sections 845. 
The overlapping BWDM and XPND sections illustrate redundant conqionoits. Optical 
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switches are included in the CWDM modules to penmt a sw^^^ 

modules. _ 

(631 A preferred arrangement of optical detectors is also showiu The pre- 

amp and post^pUfication elements include an inherent abiUty to determine if they are 
receivii^ optical power. Similarly, the XPND units include an inherent optical signal 
detectioncapabiUty. Optical detectors are preferably also included in the WPS and CWDM 
modules. intheprefertedenOHHiimenttheBWDMmodulesdoiiotincludeopticaldete^^ 
The transceiver 850 for receiving OSC signals also includes an optical sensor capabdity. 

164] A node for dense wavelength division multiplexing (DWDM) may 
carry a larse number of difierent wavelengths, with each wavelength corresponding to one 
channel. Consequaitly, the physical implementation of a DWDM node 400, SOO. 700 800 
nay require apluraUly of CWDMs, BWDMs and XPNDs. Hie components are preferably 
arranged on apluiality of field-replaceable circuit packs coupled by short optical jumper 
links to feciUtate a field engineer making rapid field repairs of failed components by 
swapping circuit packs. HO. 9 is a block diagram of a partial view of node with field 
replaceable circuit packs showingaplurality of circuit packs 910 coupled by a local Ethernet 
com«»tion to at least one OSC/CQM module 920. The OSC/COM 920 module contains 
circuitry for inter-node communication via the OSC channel. The OSC channel may 
communicate data in a variety of data formats used in digital networks, such as TCP/IP. 
Ethernet, or ATM format. The OSC links may be configured to form a nei^boring node 
data link. Alternately, data packets may contain address information (e.g., data ftames) for 
traasfening data flinher along die network. Additionally, the OSOCOM module 920 
preferably includes circuitry for coordinating the communication of each circuit pack 910 to 
madmimstrative complex 930 eorresponding to a micnvn»essor 940 and memory storage 
niodule950. The OSC/COM module also preferably receives sigiiak fiom each circuit pack 
indicative of problems with the circuit pack, such as a loss of electrical power to the circuit 
pack or internal self-diagnostic signals fiom the circuit pack (c.g-. an abnormal elecnical 
characteristic indicative of a fiuled component or a signal form an optical detector residing on 
the circuit padc). 

[65] It «iU be understood that a software program for performing feult 
detection and isolation may have sli^y different algorithms depending upon the 
arrangement of optical elements withm each node, the numb« and arrangemeot of optical 
sensors for measuring flic optical characteristics of the channels within a node, and the 
number of elements, such as Iransponden.. capable of providing an output indicative of 
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ch«mel activity. In the most general case a nctwoik engineer would analyze tbeiK^^ 

and the netwoik topology to produce a '•pioblenx list" of likdy ptoblemB for each signal 

indicating apossible loss of a signal channel, pluiaUty of channels, loss of aband. loss of a 

plurality of bands, or loss of all channels within the node. 
5 [66] Each problem entry in the problem list may have an associated entry 

describing additional infonnation from other nodes that can be coixelat^d (compared) witii 
the local loss of signal in order to isolate the problem to one or more likely causes. However, 
in some cases there may be insufficient information to uniquely isolate the problem to a 
angle cause. In this case, the node may attempt a local solution (e.g.. a line switch or an 
10 eqwpmentswitch)thatisthemostlikelytorestoretiaffic. Ifthe restoration event does not 

result in a restoratipn of the dropped channel(s). then this failure may be reported to other 
nodes (e.g.. a list of faulty components pubtidjcd) in order to assist those nodes to make an 

iqtpropriate equipment switch or line switch. As an illustrative example, a first node may 
build a list of potentially failed components within the first node based i^on information 
^ 15 fiom a channel map (a list of active lAanneb at various locations in the networic)distn^ 

thiou^ the OSC and the dropped channel(s) observed by sensors coupled to flie first node. 
The first node may then attenq>t an equipment switch of one or more of the components in 
bi the its problem list of potentially fidled components. Ifthe equipment switch does not restore 

!5: the dropped traffic a.e.. restore the dropped dianndCs)) the node forwards a suinmary^^ 

20 failed equipment switch event that may assist other nodes to detect and isolate the problem 
For example, the summary of the failed equipment switch event may include a list of dropped 
ehannel(s), the components in the first node suspected of having fiuled. and the result of fhe 
equipment switch (e.g., which of the dropped channcb Ibe equipment switch did not restore). 
An iq»stream node may, in turn, have a problem list that include an entry in its problem list 
25 instructing the upstream node to mitiate an equipment switch iri response to several c^ 
including iiiitiating an equipment switch if it receives a report that the first node noticed a 
dropped channel(s) that an equipment switch in the downstream node did not restore. It will 
be understood that the problem list in the upstream node may also include other criteria for 
initiating an equipment switch used in combination with the summary of the fiiiled equipment 
30 switch. e.g.. the problem list of the upstream node may recommend an equipment switch be 
initiated in the upstream node for the simation that the upstream node receives the summary 
of a failed equipment switch fcan the downstream node and one or more other abnonnal 
conditions are detected at the upstream node. 
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[671 TTiepioblemlistcanbecreatedforaparticularnodedesigaaiui 
^en^tofphotodetectcxsthatassocia.esalistofpoten.alpxobi™ 
inchar^el status. For each fault Ustedbthepn,blemli^thereisaset of xule^ 
the pioblem and selecting an appropriate restoration response. Tins 
5 enccdedaspartofafeultdetectionandisolationprogramresidingonthecoi^U The 

fe«lt detection and isolation program correlates system faults and initiates an appropriate 
restoration-ction,suchasalineswLtchoranequipmentswitch.Thefeultdete^^^ 
isolationpiogram preferably includesawavelength management .nonitorthatma^ 

of wavelengths in the network and the status of each chamiel with respect to source and 
10 destinalionnodes. Statuschangeevcntsaicpreferablycommunicatedtoneighbo^^ 

nodes via flie OSC. This permits each node to acquire a map of the network topology (e-g.. a 
ring map for a ring network), a chamiel table of active chamiels. and to send or receive pa*h 
change signals (e.g., send or receive information to neighboring nodes notifying the 
nei^oring node of a line switch event). Thus, each controller keeps a dynamic model of all 
IS of the connections to the node, the network topology, the signal paihs. and the channel status. 
The finilt isolation program also preferably monitors the optical sensois (e.g.. the 
photodectors in the BWDMs and WPSs), the Hansponde^ (WCIs), the OSC channel, and any 
other photodetectors of the node that may provide information that can be correlated with a 
fault. Thefimltcorrdationprogtamalsoprcfisriblyincludes aswitchenginethatis 

20 configured to generate a switch event packet that is forwarded to neighboring nodes via the 
OSCinordertoalertnei0*oringnodesthatBSwitaheventisaboutt» happen. Additionally. 

the finilt correlation program preferably notifies oflier nodes (e.g., neighboring upstream 
nodes) if a local «iuipment switch has firiled. fliereby providing the ottier nodes with status 
infonnation that can be used to inake equipment switch decisions. 
25 [681 Table I is an illustrative pniblem list showing signal loss conditions, 

their likely causes, and suggested finilt isohtfion response. As can be seen in Table 1, 
information received ftom the OSC channel assists the contioUer of Ifae local node in making 
equipment s^teh decisions 







Fault Isolation Response 


Node Condition 
No OSC signal 
Received at OSC 
detector 


Likely Causes 

1) Line failure to neighboring 
node; or 

2) Failure of local OSC 
detector 


1) Initiate line switdi if there is 
also no optical power at input 
buffer. 

2) Instimte '*OSC detector 
failure report* • if optical power 
at input buffer. 
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No Vgwct At Input 
Buffer 


1) Line failure between 
upstream neighboring node, or 

2) Line failiu'e upstream of 
neighboring node. 


1) If no OSC signal, initiate 
ring switch; or 

2) If OSC signal present, do 
not initiate ring switch. 


No Power at One 
Transponder 


1) Failure of transponder; 

2) Dropped channel in node; 

3) Dropped chazmel upstream; 
or 4) Channel not presently in 
operation. 


If upstream node reports 
activity in channel activate 
equipment switch to elements 
in node along path of 
transponder. If problem not 
solved, report failure to other 
nodes. 


No Power of all 
CWDMs Linked to 
a Common BWDM 


1) Failure of BWDM; 

2) Failure of multiple 
CWDMs; or 

3) Loss of channels upstream. 


If upstream nodes do not report 
a loss of power in affected 
channels* initiate an equipment 
switch of BWDM. 



Table I : Illustrative Problem List For An Optical Network 

[69] It will be understood that the problem list will depend upon the 
5 netwoik topology and node design. MGS. lOA and IQB are respective portions of a decision 
table for a preferred embodiment of the invention for use in an optical ring netwoifc The 
problem list for typical metropoUtan area networks requires comparatively Utile local 
memory and computing power, thus faciUtating the use of a local conlroller 430 that is 
implemented as one or more comparatively low cost microprocessots. 
10 [701 Refening again to FIG. 8, it will be noted Ibat some problems are more 

easily deterauned than otheis. depending upon the path of the optical channels through flie 
node relative to the stages in the multiplexor section and on the tiibutaiy stagp- For example, 
several transponders are typically coupled to one CWDM. Consequently, a loss in optical 
output of aU of the transponders 840 coupled to a single CWDM may indicate a fiaihixe of the 
15 CWDM. However, a loss in optical output of only some of ttie transpondere coupled to the 
CWDM indicates that a failure of the CWDM is less likely. Similarly, a feihire of all of the 
CWDMs coupled to a BWDM is likely to be caused by a failure of the BWDM, although a 
feilure of a BWDM in another node is also a possibility. 

[71] FIG. 11 is a functional block diagram of a preferred feult detection and 
20 isolation system 1 100 for implementing the fault detection and isolation fimction of a local 
contioller 430. The system 1 100 preferably includes a fault detector 1 1 10. an equipment 
switch engine 1 120, and a line switch engine 1130. A path signal manager 1140 (shown in 
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phantom) is preferably coupled to software program 1100. Fault detector 1110. equipment 
switch engine 1120. and line switch engine 1130 are preferably implemented as software 
modules of a common software program residing in controller 430. However, it wiU also be 
understood that fault detector 1 1 10, equipment switch engine 1 120, and line switch engine 
1130 may be implemented on separate electrical components (e-g.. separate dedicated circuits 
or microcontrollers) or reside as software modules on separate microprocessors that are 

electrically coupled together. 

(721 Path signal manager 1 140 provides feult detector 1 100 with 
information corresponding to a channel map. i.e., an updated list of all channels that are 
provisioned at various node locations along the optical network. The path signal manager 
U40 is preferably implemented as a software module that resides on the local controUer 430 
and whidi receives channel map updates via the OSC channel. However, it will be 
understood that some of the fimctionaUty of path signal manager 1 140 may reside in a central 
monitoring system (not shown in HG. 1 1) that accumulates data rec^ved from each network 
S node and which publishes channel maps to aU of die nodes of the optical network. 

(73] The feultdrfector 11 10 is preferably prograiamed with inforinaiion 

corresponding to a problem list 1118, such as a problem list similar to those of FIGS. lOA 
and lOB, for correlating faults and deciding if an equipment switch or a Une switch should be 
initiated- Fault detector 1110 receives one or more input signals, such as an input signal 1 1 12 
20 ftom each transponder CWCD indicating a loss of signal to the Wa port, one or more input 
signals 1114 corresponding to loss of signal (LOS) ftom other optical sensors and optical 
detectors coupled to the local node, and an inpm signal 1116 corre^Mmding to a drcuit pack 
failure (e.g., an improper electrical connectian to one or more of the circuit paeiks shown in 
FIG. 9). The fault detector also has a signal input 1111 corresponding to information 
25 receivedfrompathsignalmanagerll40. Fault detector 11 10 also communicates data on 
channel activity with path signal manager 1140. Additionally, fault detector 1110 may also 
have a separate status report output 1119 for broadcasting status reports to other nodes. 

[741 The line switch engine 1 130 initiates a line switch if it receives trigger 
signals generated by the fault detector 1 110 instructing the line switch engine 1130 to 
30 performalineswitchtoanaltemateopticalfiberpatb. As previously described, the problem 
list 11 18 of feult detector 1 1 10 is preferably programmed such that the fault detector 1 1 10 
instructs line switch engine 1 130 to initiate a line switch only if there is a loss of signal in 
both the lineW (eg., the pre-amp to the node) and the OSC channel. Line switch engine 
1130 preferably has a line switch notifieation output 1132 that informs interested subsystems 
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(e g., the feult detector within the node and systema in other nodes) that a line switeih is 
complete. A switch engine 1 130 that initiates a line switch in response to a trigger signal 
may be implemented using a variety of conventional line switch engine techniques. For 
example, switch techniques for optical ring netwoiks are described in U.S. Pat. No. 
5 5,986,783 , "Method and appaxatus for operation, protection, and restoration of heterogeneous 
optical communication networks," and U.S. Pat. No. 6,046.833. "Method and apparatus for 
operation, protection, and restoration of heterogeneous optical networks." The contents of 
U.S. Pat Nos. 5.986,783 and 6.046,833 are hereby incorporated by reference in their entirety.^ 
[751 Equipment switch engine 1 120 is coupled to feult detector 1 1 10 and 
10 initiates an equipment switch when it receives a trigger signal from f^t detector 1110. 

Additionally, equipment switch engine 1 120 preferably includes a manual equipment switidi 
input signal 1 128. Input signal 1 128 is preferably configured to permit a manual equipment 
switch to be initiated by a field engineer at a local node or by a network administrator. 
Manual equipment switches are useful to facilitate preventive maintenance or upgrades of 
15 node components. Equipment switch engine 1 120 may also include a notification signal 
1 120 communicated to feult detector 1 110 and broadcast to other nodes (via the OSC) 
indicating fliat the equipment switch is completed. 

[761 FIG- 1 2 is an interaction diagram 1 200 showing a preferred sequence 
of interactions for performing an equipment switch using equipment switch engine 1 120. 
20 Fault detector 1 1 10 instructs equipment switch engine 1120 to perform an equipment switch 
1205. Equipment switch engine 1 120 issues a sequence of switch commands to switch to 
redundant backHip con«>onent8 (e.g„ WPS/CWDM switches) using a sequence of switch 
protocols 1215. The equipment switch engine U 10 then notifies the fault detector lUOthat 
an equipment switch has occurred 1220, which prompts fault detector 1 1 10 to test if the feult 
25 was corrected by tlie equipment switch. Ifthe results ofthe equipment switch are a failure, 
the results ofthe equipment switdi may be published. 1230. 

[77] FlOriS is an interaction diagram showing a preferred sequence of 
steps for performing a line switch. A Mne switch causes a short interruption in network 
traffic. Consequently, it is desirable for the feult detector 1 1 10 to perform a sequence of 
30 steps that ate intended to minimize the number ofunnecessary line switches. As shown in 
no. 13. the feult detector 1 1 10 continuously receives signal inputs related to potential feults 
1305. If the fault detector I UO observca an event that may be a line fault the feult detector 
1110 performs a step 1320 to see if the node is in the process of being equipment switched 
and disables the line switch ifan equipment switch in progress. In step 1330 feult detector 
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1 11 0 thea confinns that there is no received input power and no signal in the OSC channel. 
In step 1340 fault detector 1 1 1 0 may also verify that the OSC signal detector is not disabled. 
Instep ISSOfaultdetectorlllOthencheckstoseeifcircuitpackcardismissing. Instep 
1360 fault detector 1 U 0 may then check to see if the protection path is operable. Tbs fault 
5 detector may then test to see if the OSC signal has degraded, as shown in 1370, prior to the 

step of triggering a line switch 1380. 

(781 For an arbitrary arrangement of optical components in a node 700. 800 
the channels that arc supposed to be coupled through each block element may be labeled, 
permitting, for example, a graph, tree, or table to be prepared showing a Ust of components in 
10 the local node or upstream nodes which could have failed to account for a loss of specific 
channels in the local node. A eoiresponding list of other local node and neighbor conditions 
for each element in the list may also be generated to furlher limit the Ust of components likely 
to have fafled, based upon the information available ftom the nodes and other information 
that a fieUtedmician can later acquire using conventional field analysis t^ The 
15 microprocessor and persistent memory preferably retains a history of the detected events and 
response to the fault. Ibis information is preferably made available (e.g., via a display) to a 
field engineer along with a list of components likely to have failed and additional action 
items to confirm which component fiuled. This information can be in the form of a simple 
audio visual dispUy (e.g., one or more light emitting diodes or a liquid crystal display) or 
20 maybeintheformofammiericcodeacoessiblebylhefieldengineer. Alternately, the 

information can be presented in the foim of a tutorial to guide a fieM engineer through the 
steps of an isolation tree. For example tutorial could be presented via a monitor (eg., a tiquid 
crystal display monitor) coupled to the local node or via a portable corriputer coupled to the 
node. 

25 [791 Referring again to no. 4, in an alternate enAodiment each node may 

receive information on channel activity from an OSA 440. The use of OSAs 440 increases 
the cost of the network. However, a benefit of using OSAs is that each node 405 may receive 
accurate information ftom the OSA on the channel activity upstream or downstream of the 
node. A problem Ust for an embodiment utiUzing OSAs 440 would include information 
coupled to a node 440 by one or more OSAs. In particular, a benefit of using an OSA 440 is 
that it pennits the channel activity of aU of the channels to be measured upstream or 
downstream of a node. THis permits an equipment fault to be isolated to a particular node, 
Le., to the node where a particular channel or band of channels is dropped. Additionally, the 
inlbrmation ftom an OSA 440 permits the effectiveness of an equipment switch to be 
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more dropped channels. - , ♦ 

[801 Fuflhennore. according to an exemplary embodiment of the present 

5 invention, each node which is capable of performing traffic switching may ako receive 
networkfaultstatus information ftom an ampUficrnode. HG. Mis a schematic diagram 
illustrating an exemplary bi^iirectional line switched ring (BISK) network having both 
switchingnodesandampUfiernodes. Referring to FIG. 14, the BLSR network 1400 has a 
^mberof switching nodes 1410. 1420. 1430 and 1440 and a number of amphfier nodes 
10 1450 1460 and 1470. As shown in FIG. U, one or more amplifier nodes may be located 

between apair of switching nodes. For example, the amplifier node 1450 is located between 
Ihe switdiing nodes 1410 and 1420 and the amplifier nodes 1460 and 1470 are located 
between the switching nodes 1420 and 1430. While the embodiments of the present 
iuvention are shown in conjunction v^th a BLSR network for purposes of illustration, it will 
IS be clear to one of ordinary skill in the art that the present invention is generally appUcable to 
any network in which anq>lifier nodes are implemented. 

(811 A switching node is capable of performing, among other things, traffic 
switching. When a line fiiult occurs, the switching nodes communicate with one another via 
exchange of switch requests to ensure that the appropriate IxaflBc switching is performed. An 
20 aniplifiernode.ontheotherhand.doesnotperfiwmanytrafficswitching. Instead, an 
an4>Ufier node, in addition to ampU^ the signals traveling between two adj acent 
switching nodes, monitors the conditions of a line and reports any problems to a downstream 
switching node to allow the downslieam switching node to initiate any appropriate switching 
actions. ThefimctionsofiheBmplifiernodewillbefiirtherdescribedbelow. 
25 [82] FromatopoU)gypeispective,dieswitchingnodesandtheanq.lifier 

nodes are two diflferem types of nodes. As far as switching signaling is doncemed. the 
switching nodes behave the same way wifli or wifliout the amplifier nodes. i.e.. a switching 
node can only send a switch request to another switching node to initiate traffic switching. In 

other words, when it comes to traffic switching, die ampUfier nodes are transparent to the 
30 switching nodes. This transparency aUows for easy network upgrades. The amplifier nodes 
can be added or removed fiom the network without mterfering with the overall network 

[83] FIG. IS is a block diagram showing an exemplary embodiment of the 
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anvlifier node in accordance With the present invention. It should be noted that HG. 15 
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^ ,410 co™umc«« wi4 node 1^0 vU « hn» l«0. «»1 

,4g0bm.bi^on<amaiu.«. TIG. 15m»st««tteoolt«p<»dmgpam«..ffl» 

i^p„rtio.whichl«ndl««ffic.r»gn.lscoounginftcm««14SM««.80U« 

through Une 1480b. , , j , 

1841 AsshowninFlG.15.1mel480aniaybefuith«biokendowniocany 

twotypesoftxaffic.namely.netwo*status«tfonn3tionandpayl^^ Tl.e.«two*^ 
i^^onmaybedeUveredviaanOSC. In an exemplaxy embodiment, the amplifier node 

1450 includes a demultiplexer 1510 for receiving the network status information, an 
«„pMer 1520 for amplify the input signals, namely.thepayloa^andaph^ 

1530 for detecting the opti^ power level of ttie input signals coming into the amphfier 1520. 
Tbo amplifier node 1450 fiirthcr includes control logic which is configured to detect OSC 
input signal fidluns «id momtor Ifae optical power of the input signals being fed mto the 
amplifier 1 520. The control logic is fiiriher configured to generate a fault report when the 
optical power of the input signals being fed into the amplifier 1520 falls below an acceptable 
level thetd,yiBdic.tingoccu««nceofalinefi«Jltorlossofsignal. In an exemplary 
implementation, the control logic is implemented using software in either an integrated or 
n^odularmanner. Altemativdy. the control logic may also be implemented using hardware. 
Based ondisclos»«providodl«ein.apen««of ordinary 
and/or methods to implement the contn,l logic using either software or haxdw^ 

combinatioxi of bofh. 

[85] In an exemplary mode of operation, flie control logic of the ampUfier 
«,de 1450 cooperates with the photodetectot 1530 and detennines that tlie optical power of 
the input signals being fed into toe «npUfier l520 fells below toe acceptable level toereby 
indicatingoccunenceofalinefiiultorlossofsignaL A person ofordinary skill in toe art wiU 
know how to define toe acceptable level to identify a line feult or loss of signal. In response, 
toe control logic generates a fimlt report and forwards toe feult report to a downstream node. 
If toe downstream node is anotoer amplifier node, tois otoer amplifier node simply forwards 
toefimltrepoittotoenextdownstreamnode. The fiiult report is forwarded untQ it teaches 
the first downstreamswitchingtwdewhidrtoc^processes toe fault re^^^ 
appropriate switching acdon if necessary. The feult report may be included a. part of toe 
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nctwotkstatusinfonnationa.dmaybedeUveredviafhcOSC- Varicnis situations wUl be 
described below to illustrate exemplary operations of the ampUfier node. 

[86] FIG. 16 iUustrates a situation in which an incoming line fault is 
detectedby an amplifier node. As shown in FIG. 16. an amplifier node 1600 is located 
5 betwcenswitchingnodcs 1610 and 1620. A problem arises with respect to Une 1630 gomg 
into the amplifier node 1600 causing a lossn^f-signal (LOS) condition. The problem may be 
caused by. for example, a line fault or a fiber break. Upon detecting the LOS condition, the 
amplifier node 1 600 generates a fault report and forwards the fault report to the downstream 
switching node 1610 reporting the LOS condition. In turn, upon receiving the fault report 
10 fiom the amplifier node 1600. the switching node 161 0 initiates the necessary switching 
!i actions, if any. to restore ttaffic coming ftom the direction of the switching node 1620. For 

5 example, the switching node 1610 may issue a switch request on line 1640 lathe amp 

1 1^ node 1600 which, in turn, forwards the request to the switching node 1620. 

ij^J (g7] PIG. 17 illustrates a situation in which an incoming line fiault IS 

® 15 detected by a switching node. As shown in FIG. 17, an amplifier node 1700 is located 

between switching nodes 1710 and 1720. A problem arises with respect to line 1730 going 
out of the anq)Uficr node 1700 and into the switching node 1710 causing aLOS condition. In 
this situation, the amplifier node 1700 does not detect the LOS condition on its outgoing line 
1730. Instead, the LOS condition is detected direcfly by the switching node 1710 which then 
20 initiates the necessary switching actions, if any. to restore traffic coming ftom the direction of 

the switching node 1720. 

[88] FIG. 18 iUustrates a situation in which a line feult occurs between two 
adjacent amplifiernodes. As shewn inFlG. 18. two amplifier nodes 1800 and 1810 are 
located betweenswitchingnodes 1820 and 1830. A problem arises with respectto line 1840 
25 connecting the amplifier nodes 1800 and 1810 causing a LOS condition. The LOS condition 
is detected by the ampUfier node 1800 which then accordingly generates a finilt report The 
fault report is then forwarded to the downsbeam switching node 1820 which, in turn, initiates 
the necessary switehing actions, if any, to restore traffic coming ftom the direction of the 
switching node 1830. It should be noted that if the downstream switdiing node 1820 is not a 
switchmg node. i.e.. if the downstream node is not capable of initiating any switching action, 
then the feult report is forwarded until it teaches the next switching node. 

[891 FIG- 15 iWustxates a situation in which outgoing Une feults occur 
betw«n two switdiing nodes. As shown in HG. 19. two ampUfier nodes 1900 and 1910 are 
locatedbetweenswitdtingnodcs 1920 and 1930. A first problem arises with respect to Une 
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1940 connecting the ampUfier node 1900 and the switching node 1920 and a second pioblcni 
arises with respect to line 1950 connecting the amplifier node 1910 and the switching node 
1930. AmpUfier nodes 1900 and 1910 both detect a LOS condition on lines 1940 and 1950 
respectively. As a result, fault reports are generated by the ampUfier nodes 1900 and 1910 
5 and forwarded to the switching nodes 1930 and 1920 respectively. Switching nodes 1920 
and I930thenaccordingly initiate the necessary actions, if any, to restoretraffic. In this 
situation, the two problems relating to lines 1940 and 1950 coUeclively constitute a W- 
directional line failure or fiber break in the optical fiber span between the switching nodes 
1920 and 1930. Hence, communications between the switching nodes 1920 and 1930 are 

10 restored via some other intomediate switching nodes. 

190] FIG. 20 illustrates a situation in which incoming line faults occur 

between two switching nodes. As diown in FIG. 20. two amplifier nodes 2000 and 2010 are 
located between switching nodes 2020 and 2030. A first problem arises with respect to line 
2040 connecting the amplifier node 2000 and the switching node 2020 and a second problem 

15 arises with respect to line 2050 connecting the ampUfier node 2010 and the switching node 
2030. Since lines 2040 and 2050 carry traffic or signals away from the ampUfier nodes 2000 
and 2010 respectively, the ampUfier nodes 2000 and 2010 do not detect the resulting LOS 
conditions. The resulting LOS conditions are. instead, detected directly by the switching 
nodes 2020 and 2030 respectively. Switching nodes 2020 and 2030 then accordingly initiate 

20 the necessary actions, if any. to restore traffic. Similar to the situation shown in FIG. 19. in 
this situation, ibs two problems relating to fines 2040 and 2050 collectively constitute a bi- 
directional Une fiuhire or fiber break in the optical fiber span between the switching nodes 
2020 and 2030. Hence, commtmications between the switching nodes 2020 and 2030 are 

restored via some other intermediate switching nodes. 

25 [91] FIG. 21 ilhistwtes a situation in which two line fiailts occur in one 

direction between two switching nodes having two ampUfier nodes located fiierebetween^ As 
shown in HG. 21. two ampUfier nodes 2100 and 21 10 are located between switdiing nodes 
2120 and 2130. A first problem arises with respect to Une 2140 connecting the ampUfier 
node 2100 and flie switching node 2120 and a second problem arises wifli respect to Une 2150 

30 oonnectingtiieainpUfiernod«2110and1he8witchingnode2l30. Line 2140 carries traffic or 
signals ftom file switching node 2120 to the ampUfier node 2100 and Une 2150 carries traffic 
orsignalsftom1heampUfiernode2Il0totheBwitchmgnode2l3a Hence, Unes 2140 and 
2150caiiytrafficinthesamedirection. Upon detecting the LOS condition on Une 2140, the 
ampUfier node 2100 generates and fimwarfs a &ult report to the next downstream node 
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. ... i fi-««*le2110 Since flie amplifier node 2110 is incapable of 
which, in this case, IS the amplifier node 2110. amcemeamp ^„,i,n 

initiating any switching action, the f^ultreportispassedthroughtoth^ 

At the same time, the switchingnodezno also detectsaUDScondxI^ononhn^^^^ 

shouldbenotedihatthefaultreportmaybepassedtotheswitchmgnode2130via«.O^^ 

S wWchissepanitefiomline2150.Uponreceiving.hefaultreportand/ordetectmgtheW^^ 
condition on line 2150. the switching node 2130 then takes appropriate switd^ 
any.toxes,ore^afficbe^eenswitchingnodes2120and2130. I„1hissimation,smceth«e 

two line faults intbe same direction, the switching node2130may need to 
twolinefaultsforrestoration. The prioritization can be done using infonnation fiom the feult 

10 rcportreceived&omtheampUfiernodc21l0andinformationderived&omdetec,mg^^^ 

LOS condition on line 2150. For ««mple. if it is detemUned that the line fault on Ime 2140 
is attributed to a malfunctioning component within the switching node 2U^ 
feult on line 21 50is attributed to a fiber break between the switching node 2 1 30 and the 
anq,lifiernode 2110. thenihe switching node 2130 may elect to initiate switching actions to 
15 remedy the more serious line feult. in particular, the line feult on line 2150. 

[92] FIG. 22 illustrates a situation in which two line faults in the same 

direction are prioritized by the amplifier node. As shown in FIG. 22. two amplifier nodes 
2200 and 2210 are located between switching nodes 2220 and 2230. A first problem arises 
with respect to line 2240 comieoting the amplifier node 2200 and the switching node 2220 
20 «idasecondproblemariseswiflirespecttoline2250connectingthetwoamplificrn^^ 
2200and2210. Line 2240 canies traffic or signals from the switching node 2220 to the 
amplifier node 2200 and line 2250 carries traffic or signals ftom the amplifiernode 2200 to 
the amplifier node 2210. Hence, lines 2240 and 2250 cany traffic in the same direction. 
Upon detecting the LOS condition on line 2240. the amplifier node 2200 generates and 
25 fi«wardsafiiultr«poittDthene«downstreamnodewych.inthiscase.istheamplifier 

2210. lnanormalsituation,iheamplifiBrnode2210willsimplypassfliefe«ltreportalongto 
the switching node 2230. In this particular situation, however, the ampUfier node 2210 also 
detects aLOSconditiononline2250. Using information ftom the fimlt report received ftom 
the amplifier node 2200. the amplifiernode 2210 then prioritizes the LOS conditions 

3 0 respectively detected on lines 2240 and 2250 and genemtes a fbult report wbi«4i is 

subsequenttyft.rwardedtotheswitchingnode2230. Using information ftom the fimltxepoit 
received ftom the amplifier node 2210. the switching node 2230 then takes switching actions, 
if any, to remedy the LOS condition or tine fiaat which has a higher priority. 
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[931 FIG. 23 iUusttates a situsdon in which a switching node fails. As 
shown in FIG. 23. the ampUfier node 2300 is located between switching nodes 2310 and 
2320 and switching node 2330 is directly connected to switching node 2320. In this 
particular situation, the switching node 2320 fails. As aicsult. the ampUfier node 2300 
detects a LOS condition on its incoming line 2340 ftom the direction of the switching node 
2320. The amplifier node 2300 then generates a fault report which is then passed to the 
switching node 2310. switching node 2310 then initiates any necessary switching actions to 
bypass the failed switching node 2320. On the other side of the failed switching node 2320, 
the switaAing node 2330 directly detects a LOS condition along its incoming line 2350 and 
simitarly takes switching actions, if any. to bypass the failed switching node 2320. 

[94] FIG. 24 illustrates a situation in which an amplifier node fails. As 
shown in FIG. 24, two amplifier nodes 2400 and 2410 are located between two switching 
nodes 2420 and 2430. In this situation, ttie amplifier node 2410 fails. As a result, the 
amplifier node 2400 detects a LOS condition on its incoming line 2440 ftom the direction of 
the amplifiernode 2410. The amplifier node 2400 then generates a fiuilt report which is then 
passed to the switching node 2420. Switching node 2420 then initiates any necessary 
switching actions to re-route the signals to the switching node 2430 via some other 
intemiediate switching nodes. On the other side of the feiled amplifier node 2410. the 
switching node 2430 directiy detects a LOS condition along its incoming line 2450 and 
similarly takes switching actions, if any. to re-xoute the signals to the switching node 2420 
via some other intemiediate switching nodes. 

(9S1 FIG. 25 iUustcates a situation in whidi a switching node is unable to 
receive any incomingtiaffic. As shown in FIG. 25, an ampllfiernode 2500 is located 
between switching nodes 25 1 0 and 2520 and the switching node 2530 is directly connected to 
ihe switching node 2520. In this situation, the switching node 2520 is unable to receive any 
incoming traffic via lines 2540 and 2550. As axesult, Ihe switching node 2520 issues switch 
requests to its respective neighboring switching nodes, namely, switching nodes 2510 and 
2530, to initiate switching actions, if any. to bypass the switching node 2520. One switeh 
request is transmitted directly to the switching node 2530. and the other switdi request is 
transmitted to flie switching node 25 10 via the amplifier node 2500. As described above, 
since the ampUfier node 2500 does not perfbmi any switching action, the amplifier node 2500 
simply passes the switch request through to the intended switching node 2510. 

[961 FIG. 26 illustrates a situation in which a switching node is unable to 
transmit any outgoing traffic. As shown in HG. 26. an amplifiernode 2600 is located 
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between switching nodes 2610 and 2620 and the switching node 2630 is directly connectBd to 
ihe switching node 2620. In this situation, the switching node 2620 is unable to transmit any 
outgoing traffic via lines 2640 and 2650. Since the switching node 2620 is unable to transmit 
any outgoing traffic, no switch request can be a riginated from the switching node 2620. 
Instead, the ampUfier node 2600 detects a LOS condition on line 2640 and accordingly 
generates a fault report which is then forwarded to the switching node 2610. The switching 
node 2610 then initiates appropriate switching actions, if any. to bypass the switching node 
2620. On the other side of the switching node 2620, a LOS condition on line 2650 is detected 
directly by the switching node 2630 which then also takes appropriate switching actions, if 
any, to bypass the switching node 2620. 

[971 While particular embodi nents and applications of the present 
invention have been iUustiatcd and described, it is to be understood that the invention is not 
limited to the precise construction and componjents disclosed herein and that various 
modifications, changes and variations which will be apparent to those skilled in the ait may 
be made in tiie aixangement, operation and details of the method and system of the present 
invention disclosed herein without departing ftom the spirit and scope of the invention aa 
defined in the appoided claims. All publications, patents, and patent ^plications cited herein 
are hereby incorporated by reference for all purposes in their entirety. 
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